Objective-Right ventricular regional contractility has been thought to be difficult to assess precisely. Cine magnetic resonance imaging with presaturation myocardial tagging was employed to quantitate the contraction of the right ventricular free wall and to identify normal performance compared with the left ventricle. Methods-Nine normal volunteers, aged 27-39 years, were examined in a 1 5 Tesla superconductive magnet, and short axis and four-chamber sections at the midventricular level were imaged with cine magnetic resonance sequences. Tags, applied at end diastole as two parallel black lines, intersected the mid-portion of the free wall, dividing it into upper, centre, and lower segments in the short axis section, and anterior, middle, and posterior segments in the four-chamber section. From a series of cine magnetic resonance images at 50 ms intervals over a cardiac cycle, end diastolic, and early, mid-, and end systolic images were chosen for calculation of the endocardial, epicardial, and mean percent fractional shortenings (%FS) in the six segments. Results-There was (1) a gradual increase in %FS in systole in both sections (P < 0 001, <0.005); (2) a poor transmural gradient of contractility; (3) a predominance of meridional shortening (whole length, mean end systolic %FS (SD): short axis, 17-4 (3.1)%; fourchamber, 30'1 (4.1)%; P < 0.001) in contrast to dominant circumferential shortening in the left ventricular lateral wall; (4) lower predominance of contractility in the short axis section (P < 0 001), and a middle dip of contractility in the four-chamber section (P < 0.005).
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Conclusions-Heterogeneity of contractility was closely correlated with the myocardial fibre architecture, and with wall stress determined by its thickness and curvature. It was proved that right ventricular regional function could be analysed non-invasively using cine magnetic resonance imaging with myocardial tagging. (Br HeartJ 1995; 74:186-191) Keywords: Regional contraction; right ventricle; cine magnetic resonance imaging; presaturation tagging Although the significance of an assessment of right ventricular function is well recognised, especially for patients with congenital cardiac anomalies and with valvular heart diseases, no standard approach to this has been established because of the complex configuration and non-concentric nature of the contraction of the ventricle. Some basic indices reflecting the global function of the right ventricle, such as cavity volume and ejection fraction, can be estimated by using conventional angiocardiographyl-' or radionuclide scintigraphy,45 but the results lack accuracy and do not always reflect regional dysfunction. Right ventricular regional contractility, which may be more sensitive to maladaptation to overload, has been considered to be much more difficult to assess precisely than global function, and very few reports have appeared discussing regional contraction of the right ventricle even in experimental researches.67
At the present time, we can easily depict the right ventricle by proton magnetic resonance (MR) imaging. Recently, non-invasive myocardial marking was also achieved by using a presaturation technique, in which the capacity of proton spins to absorb the energy of electromagnetic waves is depleted by saturating the spins with irradiation just before the imaging irradiation, producing a loss of the MR signal. When this is applied, marks (or tags) appear as black lines on the myocardium. Several methods of myocardial tagging have been proposed89 and they have begun to be used for precise in vivo measurement of regional shortening of the left ventricular wall.'0
The purpose of the present study was to quantitate the regional contraction of the right ventricular free wall and to identify normal performance in comparison with the left ventricle in humans by applying cine MR imaging combined with presaturation myocardial tagging. As regional contraction abnormalities are expected to lead to early detection of right ventricular dysfunction, Figure 1 Four images of both ventricles in the four-chamber section looking cephalad, extracted from one cine MR imaging series. Two vertical tag lines 5 mm in width were applied at end diastole: (A) end diastole; (B) early systole; (C) mid-systole; and (D) end systole. Note that the motion of the right ventricular free wall is more prominent than that of the left ventricle. information on normal contraction will have significant clinical importance when such tagging is applied to the diseased heart.
Methods
The subjects were nine healthy male volunteers, ranging in age from 27 to 39 years, mean(SD), 32-3 (4 2) years. All were in nor- mal sinus rhythm, and heart rate ranged from 55 to 85/min (mean, 66 1). None had clinical evidence of any cardiovascular abnormality, or any abnormality on electrocardiogram (ECG) or on echocardiography. All were examined on a 1-5 Tesla superconductive MR imaging system (Magnetom HI 5, Siemens). After the subject was positioned in the imager, brief ECG triggered spin echo multislice sequences were performed to scout for sections for cine MR imaging with presaturation myocardial tagging, and two sections (a short axis section and a four-chamber section), both intersecting at about the mid-ventricular level, were chosen for the imaging.
The cine MR imaging used here was based on the fast low angle shot (FLASH) technique using a gradient field echo sequence with a flip angle of 30 degrees, combined with velocity rephasing. Images at the same level, with an echo time of 8 ms, were obtained sequentially from a triggered R wave to the next R wave with a 50 ms interval. The slice thickness was 10 mm. The imaging field of view was 35 cm with a matrix of 192 x 256 (192 phase encoding steps) and single data acquisition was employed, so several minutes (192 cardiac cycles) were required to produce one cine MR imaging series. For presaturation tagging, irradiation of electromagnetic waves with a flip angle of 900 was performed at the R wave of the ECG. As completely simultaneous excitation of proton spins in two parallel planes was available in our system, we used this for presaturation in the form of a pair of planes of 5 mm thickness and 1-5-2-5 cm apart, perpendicular to the imaging plane; consequently, two narrow black lines, 5 mm in width, were placed on an image as tags. The presaturation procedure took several milliseconds, so the first image of a cine MR series could be obtained about 15 ms after the R wave. One series of cine MR imaging, with a pair of parallel tag lines intersecting around the mid-portion of the right ventricular free wall, was performed for the short axis section and one for the four-chamber section, and overall 18 cine series were obtained for the volunteers. Figure 1 is an example.
With the tag lines for the two cine MR imaging series, the right ventricular free wall was divided into the following six segments ( fig 2) : (a) short axis section: (1) upper segment (from the top of the anterior free wall to the upper tag); (2) centre segment (between the two tags); (3) lower segment (from the lower tag to the junction of the inferior free wall and the interventricular septum); (b) four-chamber section: (4) anterior segment (from the junction of the apical free wall and the interventricular septum to the anterior tag); (5) middle segment (between the two tags); (6) posterior segment (from the posterior tag to the right atrioventricular sulcus). Four images were extracted from a cine MR series according to the following criteria: (1) at end diastole, the first frame of the series; (2) at early systole, at about 10% of the RR interval; (3) at mid-systole, at about 20% of the RR interval; and (4) at end systole, at Short axis Fractional shortening (%) by obsei about 35-40% of the RR interval anc ing the minimal area of the right ven cavity. Among the 18 cine series, end was the seventh frame in 12 series E eighth frame in six series. Each ima then manually traced, the lengths endocardial and epicardial contours Whole length (n = 9) Endocardium values of the septum and left ventricular lateral wall. As shown in the two tables, the right ventricular wall was relatively thick at the inferior or basal portion, becoming significantly thinner towards the outflow or apex (*P < 0-001, <0 005, <0 05 in both tables). Figure 4 is a graphic representation of the time dependence of the %FS for whole length of the free wall. Both the endocardial and epicardial side of the wall shortened significantly from end diastole to end systole (P < 0-001, < 0 005) in the short axis and the four-chamber section. In each of the three systolic phases, the endocardial %FS was slightly higher than that for the epicardium; the only significant differences found were at midsystole in the short axis section (P < 0-01) and end systole in the four-chamber section (P < 0 05). On the other hand, the %FS of the four-chamber section was significantly high compared with that of the short axis section, for both the endocardium and the epicardium throughout systole (P < 0-001 to <0.05). The mean values (SD) of the mean centre %FS was also small compared to that of the lower segment at end systole, with weak significance (P < 0 05). There was little shortening of the middle segment compared to the other two segments at mid-systole (P < 0 05) and end systole (P < 0-005) in the fourchamber section (t in table 2) . Consequently, at end systole, a significant gradient of contractility could be found from the lower to the upper segment in the short axis section; and there was a significant middle dip of contractility in the four-chamber section. When compared with the left ventricle, in the right ventricular free wall meridional contraction was more dominant than the circumferential contraction (P < 0 001), whereas the dominance was reversed in the left ventricular lateral free wall (P < 0 01) (fig 5) . In the short axis section, the %FS of the left lateral wall was higher than the %FS values of the right ventricular and septal walls (P < 0-01, <0.05), whereas in the four-chamber section, a significant gradient of %FS was confirmed from the right ventricular wall to the left lateral wall through the interventricular septum (P < 0.001, <0.01).
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suggested from the data in Anzola's report. wall, and there are medium amounts of both in the interventricular septum. This agrees well with the dominance of meridional contraction in the right ventricular wall and of circumferential contraction in the left ventricular lateral wall. As regards the regional heterogeneity of right ventricular contractility, wall stress would be the main cause, because it is closely correlated with heterogeneity of the thickness and curvature, that is, the lower or posterior segment has a relatively thick wall with a large curvature, whereas the upper to centre, or middle segment, is rather flat.
The dominant contractility at the anterior segment, in spite of its thinness, was thought to be mainly due to the large curvature, and possibly to assistance in contraction from the moderator bands. Apart from these two factors, adrenergic function may have some influence on the heterogeneity, as the concentration of noradrenaline was reported to be higher in the cardiac base than in the apex, with a gradient of distribution.'425
The method used here had several technical limitations, such as the quality of the temporal resolution of cine MR imaging, and difficulties in determining the endocardial boundary and in compensating for the through plane motion of the heart. Although an imaging interval of 50 ms is insufficient for precise determination of the phase in the cardiac cycle, the cine MR sequence appears to be acceptable enough to analyse late systolic contractility. Cine MR imaging also has the drawback that, because the endocardial boundary is often obscure due to the high intensity depiction of the ventricular cavity, errors can occur in measuring the endocardial length or thickness of the wall. The transmural gradient of contractility, however, was found to be small in the normal right ventricle, so its influence on the %FS values obtained in this study would have been negligible. The applied tag lines, which persisted on the myocardium and flowed away from the cavity in systole, were extremely helpful for measurements of wall thickness. The through plane motion of the heart is the major problem in assessing right ventricular regional contraction; we coped with it by choosing the mid-ventricular section for the imaging. As a prominent meridional excursion of the right ventricular free wall was found in this study, and is commonly observed in conventional right ventriculography, the short axial systolic shortening, especially in the upper segment, might be somewhat underestimated because of the systolic entrance of the more basal portion of the ventricle into the imaging plane. The the image during the through plane motion. In spite of the limitations cited, there is no doubt that only the presaturation tagging technique of MR imaging can provide noninvasive myocardial marking at the present time. In this study, the technique was also proved to be capable of measuring right ventricular regional contraction. MR myocardial tagging is therefore expected to become an extremely useful new tool not only for the early detection of right ventricular dysfunction in patients with ventricular overload, but also for the assessment of ischaemic abnormalities of the right ventricular wall, and for the planning for right ventricular reconstructive surgery. We believe that the information presented here will be of fundamental importance for these evaluations.
